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論 文 内 容 要 旨	 	 	 	 	 	 	 	 	  
The technological development and economic growth originated from the industrial revolution along with the 
increase in world population caused the improvement in life quality, food assurance and progress in medical care, however, it 
has unleashed a significant and indiscriminate pollution on the environment, such as air, soil and water. Among the different 
types of pollutants that affect ecosystems, heavy metals are considered hazardous and scattered worldwide. The main concerns 
about heavy metal pollution are their high toxicity and potential bioavailability that would allow being uptaken by several living 
organism. Also, they could produce a significant ecotoxicological impact on soil and water organisms, and heavy metals irruption 
in food chain might provoke a bioaccumulation which has a severe consequences, especially at superior levels of trophic chain. 
Recently, instead of conventional techniques environmental friendly technologies such as phytoremediation has been 
implemented in order to remediate or treat heavy metal pollution in soil. Phytoattenuation is a novel phytoremediation 
approach, which also depends on the use of plants to extract and translocate metals to their harvestable parts such as leaves, 
stem and/or seed, but is more focused on plant production in order to assure a gradual reduction of soil metal contamination 
through several rounds of planting and harvesting. In order to assure an increment on plant biomass, which is the priority of 
phytoattenuation, main factors affecting plant such as soil pH, soil texture, organic matter (OM), redox potential (Eh), cation 
exchange capacity (CEC) production, soil sodicity and some kind of heavy metal had been studied. However, limited information 
exist about heavy metal extraction and biomass production performance under combined soil salinity, acidic soil pH and 
nutrients deficiency. 
The primary aim of this research was to investigate the salinity conditions and steel slag adding conditions for 
enhancement of the phytoattenuation of heavy metals from polluted soil. For this purpose, Arabidopsis thaliana was used as a 
model plant. The dissertation consists of three parts. 
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The first part was to investigate the effect of induced salinity by saline solution on plant production and heavy metal 
extraction. During this study soil samples for a paddy field were taken in the northern part of Miyagi prefecture. Present 
condition of heavy metal concentration in the soil surpassed the Japanese environmental quality standard for agricultural land. 
Soil samples were treated with two different saline solutions (NaCl and CaCl2) in three different concentrations (0.1 M, 0.2 M 
and 0.3 M) in order to simulate a relatively low level of salinity, which will not strongly inhibit plant growth. The initial soil pH 
was 5.47 and the sample texture was classified as silt texture (1.2% of clay and 82.3% of silt). In this study the plant production 
response of Arabidopsis thaliana due to treatment with NaCl and CaCl2 saline solution under acidic soil conditions in paddy field 
samples was researched. Taking into account a multi-metal pollution point of view, the impact of both saline solutions on metal 
phytoattenuation (metal extraction), by plant was investigated. 
 
Figure 1. NaCl and CaCl2 treatment effect on Cd extraction ratio and plant dry weight for paddy field soil 
 
It was found that NaCl solution produce an apparent stimulation effect on plant growth. However, CaCl2 solution 
caused a negative effect on plant growth, especially at 0.3 M, because heavy metal uptake was more favored by this salt than 
NaCl, especially for Cd. Cd extraction had the highest value comparing with Zn, Pb and As. Such result could be explained 
because NaCl and CaCl2 solution tend to form chlorinated complexes with Cd, which are more easily uptake by plants. Figure 1 
show the effect of each saline solution on dry weigh and Cd metal extraction for paddy field soil samples. For the salinity range 
employed, it is observed that the NaCl treatment maintains the tendency to increase both the production of biomass and Cd 
extraction, which is consistent with previous results. CaCl2 treatment produced a remarkable augment in Cd extraction using a 
lower concentration of saline solution, however, plant dry weight was impacted and even reduce due to an increase of Cd 
extraction provoked by the uptake of previously formed chlorinated complexes. Soil pH and Eh for both treatments were in the 
range of strong acidity (pH from 5.06 to 5.47) and reducing condition (Eh between 47.0 mV and 80.0 mV), so that Pb and As were 
not so mobile due to the low pH and their chemical form PbSO4 (c) and H3AsO3, meanwhile zinc and cadmium were mobile due to 
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their free ion form (Zn+2 and Cd+2). 
The second part was to investigate the effect of soil type and saline solution treatment on plant production and heavy 
metal extraction. During this study soil samples were also taken in the same area. Also, soil samples were processed using same 
salinity treatment but with slightly different soil conditions, initial soil pH was lower and soil samples texture was classified as 
silt loam texture (0.4% of clay and 70.7% of silt). Likewise, in this study the plant production and phytoattenuation response of 
Arabidopsis thaliana in field samples were researched. A comparison between biomass production performance of the plants 
grown in paddy field and field soil samples was done. Also, their respective phytoattenuation results were compared. Soil pH in 
field samples (pH = 4.85) was lower than paddy field samples (pH = 5.47), meanwhile cation exchange capacity showed a higher 
value for field sample (CEC field = 49.9 meq/100 gr against CEC paddy = 27.6 meq/100 gr). Experimental conditions, such as saline 
solution treatment and concentration, were the same as first study. It was found that a markedly decrease on dry weight was 
produced in field samples, because they have a strong acidity range (pH 4.1 – 4.8) comparing with paddy field samples (pH 5.1 – 
5.5). Although biomass production was poor for field (DWMax for NaCl = 1.08 gr and DWMax for CaCl2 = 0.71) comparing with 
paddy field (DWMax for NaCl = 3.77 gr and DWMax for CaCl2 = 1.78), higher extraction values for Cd and Zn were obtained. 
It was considered that the relatively strong acidity and reducing conditions for field samples led to increase the 
solubility and mobility of Cd and Zn. Furthermore a higher extraction values for Cd and Zn were obtained by the saline solution 
treatment, especially in Cd, because those solutions favored the formation of chlorinated complexes that were easily uptaken by 
the plant. Regarding to the phenotypic changes in plants, A. thaliana samples showed a certain growth inhibition with a marked 
wilting and the characteristic curling on leaves. Also a strong chlorosis existed in most leaves, where not just the pale green 
coloration appeared but also a yellow coloration was present in the rosette leaves. It is noted that the intensity of phenotypic 
changes typically was increased when the concentration of both saline solutions increased. Other observable changes in leaves 
were the appearance of some leaves with a brownish–violet coloration and especially with the presence of “reddish veins”. Such 
effects are related to the uptake and toxicity of heavy metals, in particular with cadmium. Those observations support the 
extraction rates founded for both soil systems (first and second study). 
The third part was to investigate the effect of steel slag addition on plant production and heavy metal extraction. 
During this study soil samples were taken from an agricultural land near to Ishinomaki city. This area was heavily impacted by 
a powerful tsunami caused by the Great East Japan Earthquake in March 11th 2011. A large amount of sediment, which might 
contain heavy metals due to actual and past industrial activity, was driven from seabed to agricultural land over the east coastal 
area. Heavy metal soil concentration for As surpassed the Japanese environmental quality standard for agricultural land and 
Cd total content was considered a possible threaten for crop growth. Six systems in triplicate were prepared; a control system 
was established (using vermiculite). Raw soil system was employed by untreated tsunami sediment contaminated soil. For 
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washed system, raw sample was washed with tap water to remove salt from seawater. Finally, for the last 3 systems (slag 
addition systems) Basic Oxygen Furnace (BOF) steel slag was added to tap water – washed soil in percentage of 2, 5 and 10%, 
respectively. As shown in Figure 2, it was observed that soil treated with steel slag 2%, showed the best biomass production. The 
highest Cd and Cu content in the biomass were obtained for the same system. It is concluded that the addition of slag has a 
positive impact on the phytoattenuation of heavy metals and is an environmental friendly choice to apply on field. It is also 
concluded that the neutralization of soil acidity by steel slag is one of the best way to improve plant production. In the case of the 
plants grown in polluted–tsunami sediment phenotypic changes were mainly related to the degree of alkalinity or acidity of the 
soil and the lack of nutrients. When soil condition were not favorable for plant production, A. thaliana rosettes and leaves 
showed growth inhibition, stunting and wilting. However, phenotypic changes in plant related to heavy metal uptake, such as 
“reddish veins” or chlorosis in the whole leaves were not present, which is consistent with the low extraction ratio values 
obtained.  
 
Figure 2. The effect of slag addition on plant dry weight and MER. 
 
The general conclusions for this study are as follows: (a) The employment of a novel treatment with CaCl2 to enhance 
phytoattenuation may equal or even exceed the known effect of NaCl treatment in improving metal extraction, especially for Cd. 
(b) Soil type and specific conditions such as low soil pH should be taken into account for phytoattenuation as they may affect 
heavy metal mobility and metal extraction by plant. Under strong acidic soil condition, biomass production significantly 
decreases and the effect of saline solution in the extraction of metals is not as remarkable as in less extreme conditions. (c) Steel 
slag treatment is an effective complementary treatment after when soil washing is used in tsunami impacted agricultural land. 
Slag addition corrected soil acidity and improved nutrient deficiency, which allowed a remarkable biomass production. Heavy 
metal extraction was also enhanced especially for Cd and Cu. 
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